ABSTRACT The influence of feed allowance during rearing (4 to 18 wk) and breeding (18 to 62 wk) on ovarian morphology and egg production was examined. During rearing, beginning at 4 wk of age, 400 Indian River pullets that had been full-fed from 1 day of age either continued to be full-fed (F, n = 200) or were feed restricted (R, n = 200), following commercial practice. At 18 wk of age, 100 birds (within ±15% of the mean BW) in each of F and R rearing groups were further assigned to be full-fed (n = 50) or feed restricted (n = 50) during breeding. Thus, based on feed allowance during rearing and breeding, four treatment groups were formed (FF, FR, RF, and RR).
INTRODUCTION
When provided ad libitum access to feed, broiler breeders develop more large follicles than do egg-type chickens (Jaap and Clancy, 1968; Hocking et al, 1987) . The increased number of large follicles results in double hierarchies with pairs of follicles of similar weights (Whitehead and Hocking, 1988) . Conrad and Warren (1940) cited simultaneous development of two or more follicles as the cause of multipleyolked eggs. Jaap and Muir (1968) and Clayton (1972) observed an increased incidence of erratic ovipositions and defective eggs in broiler breeders. Restricted feeding during rearing limits the number of large follicles in the ovary of broiler breeders (Hocking et al, 1989) and may decrease the incidence of double hierarchies and the production of defective eggs (Whitehead and Hocking, 1988) .
Although broiler breeders are commonly feed-restricted during both the rearing and breeding periods (Whitehead ac Means ± SE within a column at each stage of production with no common superscripts differ significantly (P < .05). Data of Stage 0 were analyzed by Student's t test, which showed that the variances were heterogeneous. Data of Stages 1 to 3 were analyzed by ANOVA. 1 FF = full-fed during rearing and breeding; FR = full-fed during rearing and restricted during breeding; RF = restricted during rearing and full-fed during breeding; RR = restricted during rearing and breeding. 2 n = number of pullets. 3 At 18 wk of age, among 12 full-fed birds, 3 had ovaries weighing 27.2,18.1, and 6.9 g, and corresponding oviducts weighing 31.2, 27.7, and 25.8 g, respectively. Another full-fed bird had an ovary weighing 1.2 g and an oviduct weighing 13.1 g. No restricted birds had ovaries or oviducts weighing more than 1.0 g. and Hocking, 1988) , the benefits of feed restriction during the breeding period have not been universally agreed upon. Pym and Dillon (1974) and Robbins et al (1986 Robbins et al ( , 1988 provided evidence that ad libitum feeding during part or all of the laying period improved egg production. However, McDaniel et al. (1981) and Robinson et al. (1991) reported that ad libitum feeding during breeding resulted in lower egg production in broiler breeders.
The first objective of the research presented herein was to examine the effect of feed allowance during the rearing and breeding periods on ovarian development (weight of the ovary and the oviduct and number of yellow ovarian follicles), hierarchical arrangement of yellow ovarian follicles (similarity in dye incorporation into follicles), and incidence of erratic ovipositions (percentage of eggs laid outside prime laying hours corresponding to open period of luteinizing hormone release) and defective eggs (percentage of soft-shelled and shell-less eggs, and percentage of multiple-yolked eggs). The second objective was to compare egg production and percentages of fertility and hatchability of eggs from broiler breeders under different feeding regimens.
MATERIALS AND METHODS

Stock and Management
Detailed descriptions of genetic stock, diets, housing facilities, and feeding regi- b Means within a column and period with no common superscripts differ significantly (P < .05). !FF+FR = full-fed during rearing irrespective of feed allowance during breeding; RF+RR = restricted during rearing irrespective of feed allowance during breeding; FF+RF = full-fed during breeding irrespective of feed allowance during rearing; FR+RR = restricted during breeding irrespective of feed allowance during rearing.
2 n = number of pullets. Probability of interaction between feed allowance (restricted or full-fed) and period (rearing or breeding).
mens are provided in a companion paper (Yu et al, 1992) . Briefly, 400 female broiler breeder chicks were either full-fed or feedrestricted during rearing (4 to 18 wk). During breeding (18 to 62 wk), 100 chicks within ±15% of the mean BW in each of fullfed and restricted groups were again assigned to be full-fed or feed-restricted. Hence, based on feeding allowance during rearing and breeding, four feeding regimens were created: FF (full-fed during both rearing and breeding), FR (full-fed during rearing and restricted during breeding), RF (restricted during rearing and full-fed during breeding), and RR (restricted during both rearing and breeding). Restricted feeding was based on commercial BW guidelines. 2 Birds of the four feeding regimens were exposed to the same photoperi- Lights were on at 0700 h for all lighting schedules.
Laying Records
Time of oviposition was monitored manually from 19 to 62 wk of age. All eggs collected between 19 to 29 wk were broken open for verification of the number of yolks. Sexual maturity was defined functionally as the age at oviposition of the first-egg. Under the previously described lighting regimen, the prime laying period during which most eggs would be collected was considered to be between 0700 and 1500 h (Etches, 1990) . Eggs laid outside the prime laying period were considered to be evidence of erratic laying.
Fertility, Hatchability, and Viability
Beginning at 29 wk of age, each hen was artificially inseminated once a week with 50 | 0.L of fresh undiluted semen collected from Indian River broiler males of the same age as the females. All eggs collected between 29 and 57 wk of age (except those of poor shell quality and those used in the study of follicular growth) were incubated for 21 days at a commercial hatchery.
3 Unhatched eggs were broken open to determine fertility status. Percentage fertility, hatchability, and viability were calculated on a per hen basis. Hatchability was defined as the number of successful hatches obtained from the total number of eggs that were set. Viability was defined as the number of live chicks obtained from the total number of fertile eggs.
Ovarian Morphology
The weight of the ovary and the oviduct, and the number of ovarian follicles greater than 10 mm in diameter were recorded for 12 birds in each treatment at 18 wk of age and at sexual maturity. The same parameters were observed for 10 birds in each treatment at 33 and 62 wk of age. Ovarian regression was considered to have occurred when the weight of the ovary was less than 20 g and that of the Fi follicle was less than 8 g. Ovarian regression was studied at 33,34, and 62 wk of age.
Follicular Growth
Between 32 and 34 wk of age, daily deposition of yolk in follicles was moni- Means ± SE within a column in each period with no common superscripts differ significantly (P < .05).
1
Settable egg production excluded defective eggs (soft-shelled, shell-less, and double-yolked).
2 FF+FR = full-fed during rearing irrespective of feed allowance during lay; RF+RR = restricted during rearing irrespective of feed allowance during lay; FF+RF = full-fed during lay irrespective of feed allowance during rearing; FR+RR = restricted during lay irrespective of feed allowance during rearing. %i = number of pullets. Probability of interaction between feed allowance (restricted or full-fed) and period (rearing or breeding).
tored by feeding 10 birds from each treatment oil-soluble dyes [Sudan IV 4 (red) and Sudan Black 5 ], on alternative days. The dye was incorporated into the ration by first dissolving it in corn oil (3 g of dye in 180 g of oil per 3.0 kg of ration). Birds were individually fed 10 g of dyed feed (10 mg of dye) at 0700 h daily. Eggs collected during a 14-day period were hard-boiled for 30 min at 100 C. The yolks were then removed and bisected through the center of the germinal disc into halves to examine the pattern of dye incorporation. It was assumed that the quantity of yolk deposited each day was Age (wk) FIGURE 1. Age at sexual maturity (oviposition of first egg) of broiler breeders under different feeding regimens (n = 196): FF = full-fed during rearing (4 to 18 wk) and breeding (19 to 62 wk); FR = full-fed during rearing and restricted during breeding; RF = restricted during rearing and full-fed during breeding; RR = restricted during rearing and breeding. Mean weeks at sexual maturity with no common superscripts differ significantly (P < .05).
represented by demarcation of alternate colored rings. At the end of the dye-feeding period, the birds were killed by cervical dislocation and the ovary was removed and hard boiled for 30 min at 100 C to facilitate observation of dye patterns in follicles.
Statistical Analyses
Data were analyzed by one-way analysis of variance, and the significant difference between means was determined by the Student-Newman-Keuls multiple range test (SAS Institute, 1985) with P < .05. Main effects for the four treatment groups were analyzed with the following model: Yjj = \i + Tj + ey, where Yjj = the j* observation (j = 1, 2,..., n) on the i th treatment (i = 1,... 4); \i = overall mean; Tj = effect of the r* treatment; and ey = random error term. Orthogonal contrasts (SAS Institute, 1985) were used to test the effects of feed allowance in the rearing period and in the breeding period and also to test the interaction of feed allowance and period. The association of erratic laying and defective eggs or settable eggs under various feeding regimens was studied with Pearson correlation analysis (Steel and Torrie, 1980) . The prevalence of ovarian regression was analyzed by Fisher's "Exact Test" (Steel and Torrie, 1980) .
RESULTS
The average feed intake of feedrestricted birds was 37.2 and 83.7% of that of full-fed birds during rearing (4 to 18 "-"Means within a column in each section and period with no common superscripts differ significantly (P < Simultaneous development is defined by identical patterns of concentric colored rings from daily dye incorporation mean number of pairs of yellow ovarian follicles undergoing simultaneous development in each pullet at 34 wk 2 Erratic laying was defined as oviposition outside the prime laying hours (0700 to 1500 h) (photoperiod: 14 h 3 FF = full-fed during rearing and breeding; FR = full-fed during rearing and restricted during breeding; RF = restrict = restricted during rearing and breeding. % = number of pullets. -.534** n = 30 -.508*** n = 57
Erratic laying was defined as oviposition outside the prime laying hours (0700 to 1500 h) (photoperiod: 14 h lightlO h dark; lights on at 0700 h).
2 FF = full-fed during rearing and breeding; FR = full-fed during rearing and restricted during breeding; RF = restricted during rearing and full-fed during breeding; RR = restricted during rearing and breeding. Pearson correlation coefficient. *n = number of pullets. *P < .05. **P <, .01. ***P <, .001. wk) and breeding (18 to 62 wk), respectively. Compared with full-fed (FF plus FR) birds, the timing of sexual maturity in restricted (RF plus RR) birds was significantly delayed by 2.5 wk (Figure 1) . Under a constant photoperiod of 8L:16D, the reproductive system of RF plus RR birds remained quiescent at 18 wk of age (Table  1) . In contrast, some of the oviducts and ovaries of FF plus FR birds were maturing. At 18 wk of age, the oviducts of FF plus FR birds were significantly heavier than those of RF plus RR birds, and 3 out of 12 FF plus FR birds contained yellow follicles in the early stages of rapid development.
Compared with RR birds, most FF birds developed and maintained a heavier ovary. At sexual maturity, the average weight of the ovary in FF birds exceeded that in RR birds by 47.6% (Table 1) . The absolute weight of the oviduct, however, was not significantly different among treatments at sexual maturity or at 62 wk of age. Allowing previously feed-restricted birds (RF) to eat ad libitum had a significant impact on ovarian development during the breeding period. Although age at sexual maturity was not different, the weight of the ovary was significantly heavier in RF birds than in RR birds at this time. The significantly heavier weight of the ovary in FF and RF birds was evident also at 33 wk of age.
Compared with an average of 7.8 yellow follicles greater than 10 mm found in RR birds, FF and RF birds had an average of 12.2 and 10.7 such follicles, FIGURE 2. Mean percentage hen-day production (20 to 60 wk) of broiler breeders under different feeding regimens: n = full-fed during rearing (4 to 18 wk) and breeding (19 to 62 wk); A = full-fed during rearing and restricted during breeding; O = restricted during rearing and full-fed during breeding; * = restricted during rearing and breeding.
respectively, at sexual maturity (Table 1) . The average number of large preovulatory follicles found in FR birds was reduced from 11.1 at sexual maturity, to 7.8 at age of 33 wk, and 4.6 at 62 wk. The large number of follicles found in FR birds at sexual maturity notwithstanding, ad libitum feeding during the breeding period resulted in a greater number of yellow follicles than did restricted feeding during the same period (Table 2) . Although the effect of feed allowance during rearing on the weight of the ovary and the number of large follicles was evident at sexual maturity, it disappeared by 33 wk of age.
Between 19 and 62 wk of age, the total production of RR birds was 177 eggs per bird, compared with 163, 133, and 122 eggs per bird for FR, RF, and FF birds, respectively. The RR birds reached peak production (84.2% hen-day) at 27 wk of age, and they maintained peak production, with some fluctuations, until 42 wk of age (Figure 2 ). The RF birds reached peak production (77.4% hen-day) at 28 wk of age, and their production rate declined to below 60% hen-day after 32 wk of age.
Despite the greater number of large ovarian follicles in RF birds (Table 1) , Means within a column in each section and period with no common superscripts differ significantly (P < .05).
1 Ovarian regression was denned as the condition when, at 33,34, or 62 wk of age, the weight of ovary was less than 20 g and that of the Fj follicle was less than 8 g.
2 FF = full-fed during rearing and breeding; FR = full-fed during rearing and restricted during breeding; RF = restricted during rearing and full-fed during breeding; RR = restricted during rearing and breeding. % = number of pullets.
4
At 34 wk of age. s The fraction of birds with ovarian regression; the denominator indicates the number of birds examined. Probability of interaction between feed allowance (restricted or full-fed) and period (rearing or breeding). Means within a column in each section and period with no common superscripts differ significantly (P < .05).
1
Hatchability is defined as the number of successful hatches obtained from the total number of eggs that were set.
^Viability is defined as the number of live chicks obtained from the total number of fertile eggs.
3 FF = full-fed during rearing and breeding; FR = full-fed during rearing and restricted during breeding; RF = restricted during rearing and full-fed during breeding; RR = restricted during rearing and breeding.
4 n = number of pullets. Probability of interaction between feed allowance (restricted or full-fed) and period (rearing or breeding).
significantly fewer eggs were collected from RF birds than RR birds between 19 and 62 wk of age. In contrast, the slowing down of ovarian activity as indicated in the reduced weight of the ovary in FR birds at 33 wk of age was associated with increased production of both total and settable eggs in these birds compared with FF birds. Compared with ad libitum feeding, restricted feeding during the rearing period significantly increased the production of settable eggs between 19 and 34 wk of age (Table 3 ). The beneficial effect of restricted feeding on the production of total and settable eggs between 19 and 62 wk of age is particularly evident when it was applied during the breeding period.
Collectively, FF and RF birds, which were full-fed during the breeding period, had significantly higher occurrences of simultaneous development of follicles (noted by identical patterns of concentric colored rings from daily dye incorporation into developing follicles) than did FR and RR birds, which were feed restricted during the same period (Table 4) . Feed allowance during the breeding period (as seen in FF and RF birds versus FR and RR birds) had a greater effect on the weight of the ovary, the number of yellow ovarian follicles (Table 2) , and the incidence of simultaneous development of ovarian follicles (Table 4) than had feed allowance during the rearing period (as seen in FF and FR birds versus RF and RR birds).
During the early phase of egg production (19 to 29 wk), FF birds exhibited the highest incidence of erratic ovipositions and production of soft-shelled and shellless eggs (Table 4 ). The incidence of erratic ovipositions and the production of softshelled and shell-less eggs were intermediate in FR and RF birds and lowest in RR birds during this early period of lay. After the initial stage of egg production (19 to 29 wk), the number of soft-shelled and shellless eggs declined in all feeding regimens. The production of soft-shelled and shellless eggs between 19 and 62 wk of age was 16.0, 11.7, 10.9, and 2.4% for FF, FR, RF, and RR birds, respectively.
The incidence of erratic ovipositions during the early phase of egg production (19 to 29 wk) was positively correlated with the laying of defective eggs and negatively correlated with the laying of settable eggs when all eggs were included, irrespective of treatment (Table 5 ). The laying of multiple-yolked eggs was not as highly correlated (r = .292, P < .001) with the incidence of erratic ovipositions as the laying of soft-shelled and shell-less eggs (r = .692, P < .001) or the incidence of laying more than one egg per day (r = .507, P < .001).
Examination of dye incorporation into yolks from eggs of birds at 34 wk of age indicated that follicles of FF birds stayed a significantly longer period of time in the ovary after being recruited into the rapid growing phase than did follicles of other treatment birds (Table 6 ). At the age of 33 to 34 wk, the prevalence of ovarian regression was higher in FF plus FR or FF plus RF birds than in RF plus RR or FR plus RR birds. The Fisher's "Exact Test" showed that the random chance of obtaining the ratios had a probability of .05.
Percentages of fertility and hatchability of eggs were significantly improved in birds restricted during both rearing and breeding (Table 7) . Viability was higher in birds restricted (FR and RR) than in birds full-fed (RF and FF), during the breeding period.
DISCUSSION
In female broiler breeders, feed allowance during rearing is an important determinant of the onset of sexual maturity. Examination of ovarian morphology at 18 wk of age indicated that the oviduct of full-fed birds was significantly heavier than the oviduct of restricted birds and that at least 25% of the full-fed birds had developing yellow follicles greater than 10 mm. The early maturation of full-fed birds was further supported by age at sexual maturity (Figure 1) , which was in agreement with previous observations (Robbins et al, 1986) . From the results, it seems that photostimulation was not required for the initiation of growth of the oviduct or the ovary in full-fed birds. Yet, as was noted previously (Robinson et al, 1991) , birds from both RF and RR feeding regimens came into egg production at the same time, even though RF birds were given ad libitum access to feed 4 to 5 wk prior to the oviposition of the first egg. It can perhaps be concluded that at 18 wk, restricted birds had acquired the necessary conditions of body weight (Brody et al, 1980; Dunnington et al, 1983) , body fat (Bornstein et al, 1984; Brody et al, 1984) , and lean body mass (Brody et al, 1980; Soller et al, 1984) for the onset of egg production.
The FR birds did not differ from FF birds in weight of ovary, number of yellow follicles, and age at sexual maturity. Feed restriction imposed at 18 wk of age had no immediate effect on ovarian development. Under the stimulation of increased photoperiod, FR birds seemed to direct much of the total energy into egg production. The diminished feed intake, however, could not sustain a high level of ovarian activity. At 33 wk of age, the weight of the ovary, the weight of the oviduct, and the number of yellow follicles in FR birds were reduced to the same level as in RR birds. However, in the early phase of egg production (19 to 34 wk), the imposition of feed restriction on FR birds prior to the onset of sexual maturity resulted in the greatest number of eggs produced (Yu et al, 1992) .
Birds that were full-fed during the breeding period (19 to 62 wk) maintained significantly heavier ovaries than did birds that were feed restricted during the same period. The weight of the ovary in mature birds is largely a measure of the number of yellow follicles in the ovary. For example, at 33 wk of age, the ovary of RF birds weighed almost 1.6 times that of RR birds and it contained an average of three more large yellow follicles. In eggtype chickens, the number of large follicles in an ovary is related to the pattern of laying and birds laying in long sequences tend to have more than those laying in short sequences (Gilbert, 1971) . Waddington et al. (1985) also noted that the decrease in egg production in chickens was accompanied by a corresponding reduction in average sequence length.
With broiler breeders, in spite of the larger number of yellow follicles in birds that were full-fed during the breeding period compared with birds that were feed restricted, full-fed birds laid signifi-cantly fewer eggs than feed-restricted birds. Williams and Sharp (1978) suggested that internal laying, follicular atresia, and the production of broken, softshelled or shell-less eggs are some of the reasons for the low production of eggs in some hens. Robinson et al. (1991) reported that when restricted broiler breeders were allowed to feed ad libitum at the onset of sexual maturity, they developed short sequences of lay with increased number of pause days being observed between sequences.
The data presented here indicated that birds that were full-fed either during rearing or lay had a significantly higher incidence of erratic ovipositions and defective eggs (soft-shelled, shell-less, or multiple-yolked) compared with birds that were feed restricted during the corresponding periods. Because of the incidence of erratic ovipositions and internal laying, it is difficult to evaluate the sequence length of full-fed broiler breeders. The increased incidence of erratic ovipositions and defective eggs is the result of simultaneous development of follicles (Conrad and Warren, 1940; Jaap and Muir, 1968; Hocking et al, 1987 Hocking et al, ,1989 and excessive ovulations (Udale et al, 1972; Whitehead and Hocking, 1988) . Excessive ovulations may lead to two or more follicles being ovulated simultaneously or sequentially, resulting in multiple-yolked eggs or more than one egg being laid per day.
The current data show that the incidence of erratic ovipositions during the early phase of egg production (19 to 29 wk) was positively correlated with the laying of soft-shelled and shell-less eggs and negatively correlated with the production of settable eggs to 62 wk of age. The production of multiple-yolked eggs, although not highly correlated with the incidence of erratic ovipositions, has been demonstrated to be a heritable trait (Abplanalp et al, 1977) . Selection against the incidence of erratic ovipositions and the production of multiple-yolked eggs during the early phase of egg production may increase the production of settable eggs.
Compared with feed-restricted birds, full-fed female broiler breeders suffer from reproductive inefficiency that is manifested not only in reduced total and settable egg production but also in lower percentages of fertility and hatchability of eggs and viability of embryos. The data indicate that it is important to restrict feed intake of female broiler breeders during both rearing and breeding.
At least two mechanisms have been identified that contribute to the low production of settable eggs in full-fed birds: firstly, when fed ad libitum, female broiler breeders have an increased incidence of multiple hierarchies of follicles, which leads to multiple ovulations and production of defective eggs. Secondly, when fed ad libitum, female broiler breeders have an increased incidence of ovarian regression, which results in cessation of egg production.
